Electron capture by both bare and microsolvated small peptide dications was investigated by colliding these ions with sodium vapor in an accelerator mass spectrometer to provide insight into processes that occur on the microsecond time frame. Survival of the intact peptide monocation after electron capture depends strongly on molecular size. For dipeptides, no intact reduced species were observed; the predominant ions correspond to loss of hydrogen and ammonia. In contrast, the intact reduced species was observed for larger peptides. Calculated structures indicate that the diprotonated dipeptide ions form largely extended structures with low probability of internal ionic hydrogen bonding (i.e., charge solvation) whereas internal ionic H-bonding occurs extensively for larger peptide dications. Solvation of the peptide ions with between one to seven methanol molecules reduces the total extent of H loss even for dipeptides where intact reduced species can survive more than a microsecond after electron capture. The yield of ions corresponding to cleavage of NOC ␣ bonds (c ϩ and z ϩ· ions) does not depend strongly on peptide size but decreases with the extent of microsolvation for the dipeptide dications. H-bonding appears to play an important role for the survival of the intact reduced ions but less so for the formation of c ϩ and z ϩ· ions. Our results indicate that electron capture predominantly occurs at the ammonium groups (at least 70 to 80%), and provides important new insights into the electron capture dissociation process. (J Am Soc
ϩ· ions) does not depend strongly on peptide size but decreases with the extent of microsolvation for the dipeptide dications. H-bonding appears to play an important role for the survival of the intact reduced ions but less so for the formation of c ϩ and z ϩ· ions. Our results indicate that electron capture predominantly occurs at the ammonium groups (at least 70 to 80%), and provides important new insights into the electron capture dissociation process. , or with atoms [3] . These methods produce comparable fragmentation and are rapidly becoming important for the top-down approach to determine protein structure [4] .
Several models have been proposed to explain the sequence-specific c ϩ and z ϩ· ions [1, 5] . Although details of these mechanisms differ, there is a consensus on the importance of binding an H atom to the oxygen of the amide group thereby weakening the NOC ␣ bond. Still, the prior history of the H is unknown: Does C¢O capture an H atom that is released after electron capture to ammonium? How important is internal H-bonding between an ammonium and an amide? Or does capture of the electron occur at the amide C¢O followed by fast proton abstraction from a nearby ammonium driven by the Coulomb attraction, as recently suggested by Syrstad and Tureček [5a] ?
Previous results from our group have shown that the fragment ions of substance P (SP) formed by electron capture induced dissociation (ECID) are the same as those observed after capture of a free electron [3] . In ECID, the electron is transferred from a gas target, e.g., sodium vapor, to ions traveling with large velocities, the interaction time being a few femtoseconds. The dissociation timescale, corresponding to the flight time from the collision cell to the analyzer, is a few s, whereas the timescale for Fourier-transform ion cyclotron resonance mass spectrometry experiments that use free electrons is several ms to s. The ECID method makes it possible to study early events in the dissociation process that cannot readily be observed using other methods.
In this work, we report ECID spectra of small protonated peptides and their microsolvated clusters and show that the survival of charge-reduced ions on a s timescale strongly depends on intra-and intermolecular H-bonding interactions. Our data also indicate that internal ionic H-bonding to the amide is not necessary for the NOC ␣ bond cleavage to occur. This study of small peptides, in some of which the Coulomb repulsion dictates a high propensity for an extended structure, provides new insights into some of the questions regarding the mechanism of ECD.
Experimental
Doubly-protonated peptides were generated by electrospray (50/50% water/methanol with 1% acetic acid), introduced into an accelerator mass spectrometer [6], accelerated to 100 keV, m/z selected, and passed through a heated (220°C) Na vapor cell. During the few fs interaction time of the collision, electron transfer of the 3s electron of Na to a peptide ion can occur. Fragment ions were analyzed by a hemispherical electrostatic analyzer [6] . In addition to electron capture, ion activation occurred for collisions with low impact parameters, and fragments produced via this channel were measured in separate experiments in collisions with Ne, also under single-collision conditions. Proper subtraction of the Ne and Na spectra reveals fragments produced predominantly from electron capture.
Results and Discussions
ECID spectra of [GK ϩ 2H] 2ϩ and [KK ϩ 2H] 2ϩ are presented in Figure 1 together with the Ne spectrum of [GK ϩ 2H] 2ϩ . In the latter, the dominant ions are a ϩ and y ϩ types whereas c ϩ and z ϩ· ions dominate in the Na spectra together with ions formed by loss of H or NH 3 . Interestingly, the z ϩ· ion dominates over the c ϩ ion for GK whereas the opposite is the case for KK. The different abundances may be due to the lability of the z ϩ· radical cations, but no evidence for significant secondary dissociation is observed. The physics of the capture process is governed by the electrostatic attraction between the charged ammonium group and the loosely bound 3 s electron of sodium, and it therefore seems unlikely that the capture probabilities of the two charged groups are significantly different. ϩ· , were not observed, indicating that the lifetimes of these species are sub s.
To shed more light on the hydrogen and ammonia loss process, we carried out experiments on partially deuterated peptides. Results for [GK ϩ 2H] 2ϩ -d 7 in which seven of the exchangeable hydrogen atoms were replaced by deuterium are shown in Figure 2 . The exchangeable protons are the ammonium group protons, the carboxylic acid proton and the amide proton. From the peaks corresponding to ammonia loss, the two ammonium groups contain five D and one H since the two peaks corresponding to loss of ND 3 and ND 2 H are roughly of the same intensity. The barrier for ammonia loss is low, about 9 kJ mol Ϫ1 (0.09 eV) for · H 3 N-GG, according to calculations by Tureček and Syrstad [9] . 2ϩ and Na (c). The group of peaks from m/z 30 to 74 seen most clearly in panel (a) is assigned to different cleavages of the lysine side-chain, as a result of collisional activation. The ion corresponding to the m/z-84 peak is assigned according to [7, 8] . ECID results in loss of either D or H in a 2:1 ratio, significantly less than the statistical prediction of 5:1 (assuming that the two ammonium groups on average contain 5 D and 1 H and the other two deuteriums being present as ϪCOOD and ϪC(O)NDϪ). Similar results were obtained for AK and AR. There is more than one plausible explanation for the low ratio. First, there will be some contribution from the isobaric ion [ [12] , even though some loss of aliphatic H from hypervalent ammonium radicals such as methylammonium and ethylammonium has been observed, the loss of ammonium hydrogen usually dominates. Partial H/D scrambling of ammonium hydrogens and carbon hydrogens after electron capture but before H loss, via a free radical reaction cascade, would cause a lower ratio. Such a mechanism has been proposed by Leymarie et al. [13] to explain ECD of cyclic peptides where two bond breakages are needed, but is less likely to be important on the microsecond time scale of the present experiment. To summarize, deuterium labeling experiments confirm a sub s lifetime of dipeptide radical cations, but the actual reason for a small ratio of D to H loss is unclear.
In contrast to results for dipeptides, the chargereduced peptide radical cations of tripeptides survive (GGK was an exception). An example is shown for [GHK ϩ 2H] 2ϩ -d 7 in Figure 2b . The abundance of the intact radical cation is four times greater than that for the combined loss of H and D. H is favored over D loss despite the ND 2 H and ND 3 losses occurring with similar probabilities. Again, a kinetic isotope effect may play a role but the fact that the ratio between D and H loss has decreased compared with that of dipeptides indicates another source of the hydrogen than the ammonium group. Scrambling before hydrogen loss would decrease the ratio since the total number of hydrogen atoms in the tripeptide is larger than in the dipeptide. Another possibility is loss of hydrogen from imidazole that may be the site of protonation for a significant fraction of the ions. In the case of BK (nonapeptide) and gramicidin S (cyclic decapeptide), no loss or only minor H loss occurred and, hence, these charge-reduced peptides survived well past a s.
Minimized structures at the B3LYP/6-311 ϩ G(2d,p)//PM3 level of theory [14] provide insight into these results. On average, more open or extended structures are favored for dipeptide dications ( Figure  2a ) because of the Coulomb repulsion between the two charged ends: the distance between the two nitrogens of the structure of [GK ϩ 2H] 2ϩ shown in Figure 2a is 11.2 Å, which gives a Coulomb repulsion energy of 1.3 eV assuming an effective dielectric constant of one [15] . Thus, an energetic H radical generated by electron capture of any of the terminal ammonium can easily fly off leaving the backbone intact. In contrast, internal ionic H-bonding and other H-bonds play a role for triand larger peptides, e.g., [GHK ϩ 2H] 2ϩ (Figure 2b ). H-bonding may provide a "caging" effect where the translational energy of the "hot" H is dissipated into vibrational energy of the peptide reducing the fraction of H lost. Indeed Jeon et al. [10b] have shown that clustering with ammonia has a stabilizing effect on NH 4 and CH 3 NH 3 radicals and attributed this to hydrogen bonding. This interpretation is also in line with previous work on peptides, proteins [1a, 4a] , and amino acid models, e.g., Breuker et al. [16] found that the chargereduced ion is the major product for large proteins. In contrast Tureček and coworkers [17] did not find intramolecular H-bonding in hypervalent ammonium radicals increases the lifetimes of the radicals on a microsecond time scale.
The probability of formation of c ϩ and z ϩ· ions after electron capture is similar for di-and tripeptides, 0.15 to 0.35 (Table 1) , despite the fact that internal ionic Hbonding is significantly more feasible in tripeptides than in dipeptides. These results suggest that a direct interaction of the protonated site with heteroatoms in BK ϭ bradykinin (RPPGFSPFR), SP ϭ substance P (RPKPQQFFGLM), AHF ϭ adrenocorticotropic hormone fragment 1-10 (SYSMQHFRWG). The probability P is calculated as the total yield of c ϩ and z ϩ· ions divided by the total ionic yield of electron capture products. Uncertainties are given in the parentheses.
the peptide backbone may not play an important role in the formation of c ϩ and z ϩ· ions. Larger peptides like BK and SP in which folding is even more important still display similar probabilities of 0.14 and 0.19 (Ϯ0.05), respectively, with the dominant product being the peptide monocation, [M ϩ 2H] ϩ· . A comparison between peptides of different size is complicated by the differing number of degrees of freedom. For a statistical process, larger peptides that have more degrees of freedom will dissociate more slowly for a given amount of energy that is deposited, thereby giving a lower fragmentation yield within the limited time scale for measurement. This would be especially important for any statistical processes that may lead to NOC ␣ bond breakage, but would not play a major role for nonstatistical pathways for cleavage of this same bond.
Spectra obtained from collisions between doublyprotonated bradykinin, [BK ϩ 2H] 2ϩ , and Ne and Na are shown in Figure 3 . As was the case for SP, the relative yields of c ϩ ions in the difference spectrum for BK (Figure 4 ) are surprisingly similar to those obtained from ECD [18] . Still, the total production of c ϩ ions from the charge-reduced species is much less in ECID compared to ECD, indicating that some fraction of the c ϩ and z ϩ· ions may be formed after a s (cf., second time scale of ECD), although differences in internal energy deposition with ECID versus ECD may account for differences in fragmentation extents. Future experiments using cesium that has lower ionization energy than sodium are planned to address this issue.
To test the importance of H-bonding for the survival of a radical cation, ECID spectra of methanol-solvated peptides were obtained. The results for KWK, KYK, and AK with up to three methanol molecules attached (one for KWK and KYK and three for AK) are shown in Figure 5 in the region of the peptide monocation.
Solvation clearly increases the abundance of the tripeptide radical cation, and solvation of the dipeptide by three methanol molecules results in the survival of the intact radical cation for this species as well. Taken together with the previous findings, we conclude that hydrogen bonding is important to trap the H atom in the peptide and/or to act as a heat sink to dissipate the kinetic energy of the H.
When just one methanol molecule is bound to [AK ϩ 2H] 2ϩ , electron capture gives rise to rapid loss of the methanol as well as the H radical (Figure 6 ). Because the electron can potentially be captured at either of the ammonium sites, the observation of complete loss of methanol suggests that energy relaxation from the Rydberg state of the hypervalent ammonium radical must result in some conversion of the energy originating from electron transfer to vibrational excitation over the entire dipeptide. Loss of a methanol molecule can also be attributed to collisional activation that can occur in the ECID process. From the spectra of the dipeptide solvated with different number of methanol molecules, the survival of the intact radical cation after electron Figure 7 ). In this ion, the methanol molecules are associated with the protonated sites and are most likely equally partitioned between these sites. Charge neutralization of either ammonium gives rise to evaporation of all methanol molecules (ϳthree) attached to that site, and some or all are lost from the other site as well ( Figure 7 ). In the case of electron transfer to the tripeptide [GHK ϩ 2H] 2ϩ solvated by seven methanol molecules, [GHK ϩ 2H] ϩ· (CH 3 OH) n is more abundant than [GHK ϩ H] ϩ (CH 3 OH) n for n ϭ 0, 1, 2, and 3, whereas H loss associated with methanol loss dominates for n ϭ 4 and 5 (Figure 8 ). The latter is surprising since the intact peptide radical cation was dominant after electron transfer to the bare dication (vide supra). Methanol solvation, however, weakens the internal ionic hydrogen bonding between the ammonium and amide since the methanol molecules bind to the ammonium groups and the peptide is therefore less folded. This again reflects the strong importance of peptide folding for the loss of hydrogen.
In addition to effecting H loss, methanol solvation also changes the abundances of other fragments. ) . Thus, solvation by methanol can either increase or decrease the propensity for survival of the intact cation, it increases loss of NH 3 , presumably at the site of electron capture, and reduces the formation of c ϩ and z ϩ· ions. The significantly lower yield of c ϩ and z ϩ· ions for the more highly solvated species could be due to the caging effect of methanol, which prevents the H from attaching onto the amide oxygen, or it could be due to an energy barrier for this process by providing a means by which energy can be rapidly removed, i.e., solvent evaporation.
Conclusions
In summary, ECID experiments on isolated and microsolvated di-and tripeptides show that ionic H-bonding tends to increase the yield of intact peptide radical cations. H loss from ammonium following electron capture is likely associated with a barrier but hydrogens originating from other sites than the ammonium radical also contribute to the total H loss signal. Tripeptides do not display a larger probability than dipeptides for undergoing NOC ␣ bond cleavage compared with dipeptides despite a larger propensity for internal ionic H-bonding. Likewise, the probability of H loss from bare dipeptides and tripeptides is not directly correlated with the probability of c ϩ and z ϩ· ion formation. Solvent molecules around the protonation site can act as a cage as well as a heat sink, trapping the H atom and directing fragmentation. Finally, our data reveal that the predominant electron capture site is the ammonium groups with a probability of at least 70 to 80% (the yield of H and NH 3 losses). It is still an open question what electronic state is populated, and we hope in the future to resolve this issue from experiments using cesium instead of sodium to unravel the importance of the energetics in the electron transfer process.
